Purpose: The present study aimed to investigate the effect of voluntary and electrically stimulated quadriceps muscle fatigue on postural control.
Introduction
ostural control is the ability to maintain body position within the base of support [1] . The Central Nervous System (CNS) receives and integrates sensory and motor information to handle postural control. Manipulation of sensory-motor information affects the integrated information and impairs postural control [2] [3] [4] .
Decreased force-generating capacity of the muscle at the level of neuromuscular junction or distal to it is defined as fatigue that is an important factor in postural control impairment [5] . Fatigue can lead to an acute impairment in the neuromuscular system by changes in muscle strength and neuromuscular control. These changes increase Centre of Pressure (CoP) displacement and affect postural control [6] . Repetitive muscular contractions can induce localized muscle fatigue [7] . Therefore, the voluntary and electrically contractions decrease muscle strength and generate fatigue [8] [9] [10] . The different levels of acute muscle strength loss cause various degrees of postural control disturbance [11] .
The Voluntary (VOL) and Electrical Stimulation (ES) contractions have different physiological impacts on muscles [12] . The ES fatigue compared to VOL fatigue produce more soreness [13] and cytoplasm acidity [14] . These changes can alter proprioceptive mechanism and impair postural control in the ES more than the VOL fatigue [10] . Paillard and Vanderthommen reported that the level of muscle strength loss are not equal after VOL and ES fatiguing exercises, under the similar intensity and duration of quadriceps muscle contractions [14] [15] [16] .
A review study by Paillard reported that 25% to 30% of Maximal Voluntary Contraction (MVC) loss can affect postural control [15] . To prevent painful muscle contractions in ES exercise, the minimal amount of MVC loss (30%) is used. The current study aimed to compare the effect of stimulated versus voluntary contractions on ipsilateral unipedal postural control. Previous studies reported different decrease in MVC in voluntary and electrical stimulation of quadriceps muscle. The VOL and ES contractions are different. The voluntary contractions first recruit the small motor neurons while in the ES contractions the large motor neurons are initially activated [17, 18] . Previous studies reported the effects of two fatiguing exercises on postural control conducted in an equal duration [10, 15, 16, 19, 20] .
The present study was conducted to address the literature gap on the effects of equal amount of strength loss on postural control. We hypothesized that with equal strength loss, VOL fatigue could disturb postural control more than ES fatigue. 
Highlights
• Quadriceps muscle has an important action or function in maintaining unipedal postural control.
• Either of Electrical stimulation and Voluntary contractions of this muscle can lead to its fatigue and then postural control disturbance.
• It might not be necessary and needful to train this muscle with to kind of this exercises simultaneously in one session.
• In initial sessions may be its enough to just train the quadriceps muscle with the Electrical Stimulation.
Plain Language Summary
Postural control means that we can hold ourselves on one or two legs steady without falling. For this hold, one of the important muscle that help us is quadriceps muscle. It needs to be strong but sometimes when its getting fatigue like when we exercise or doing a hard work without rest it might lead to a situation that we can not control our posture and cause falling. This study showed that just strength loss is not the only factor that make disturbance of postural control. Quadriceps muscle has two kind of fibers: Slow fibers and Fast fibers. If the work that we do be a kind that engages the slow fibers more than the fast fibers the risk of falling getting increased and it might be necessary to be careful about Quadriceps muscle fatigue.
Materials and Methods

Study subjects
In this quasi-experimental study, 16 healthy young males participated, between November 2016 and April 2017. In all subjects, right leg was the dominant leg (the dominant leg is used for kicking a ball). The inclusion criteria comprised no history of neurological or musculoskeletal impairment in the past two years, no balance disorders or any documented postural control disorders, no medical condition that might affect postural control, no disinclination of participants before or during the test, no limb mal-alignment (pronated or supinated foot, knee hyperextension, etc.), and no affecting factor or current injury making the subject unable to participate in the research (ankle sprain, knee trauma, etc.). All participants signed an informed consent form approved by the local Ethics Committee. Subjects were asked to avoid any strenuous activity or movement, two hours before exercise session.
The fatiguing exercises were performed in random order by each subject. The study comprised two different fatiguing exercises; voluntary contractions of the quadriceps muscle (VOL exercise) and Electrical Stimulation of the quadriceps muscle (ES exercise). In order to assess the possible postural changes on the ipsilateral limb in the unipedal stance, the isometric MVC was measured before (pre-fatigue or pretest) and immediately after (post-fatigue or posttest) each exercise completion.
Study apparatus
A force plate (Kistler-9260AA6, 4 th order, 10 Hz lowpass Butterworth filter, the data were sampled at 100 Hz), digital dynamometer (Commander Power Track II HHD. J Tech Medical, USA), portable electrical stimulator delivering a maximum current intensity of 160 V (Stimulator 620 P Version: 01, Tehran, Iran) with 4 rectangular rubber electrodes (size 4×6 cm, Iran) were used for postural control recording, measuring and controlling of the pre-and post-MVC and the ES fatiguing exercise, respectively.
Study procedure
Unilateral postural control was analysed before (pretest) and immediately after (posttest) the two exercises. The subjects were asked to stand on the dominant leg while the big toe of non-dominant leg lightly touched the medial malleolus of the supporting leg. The X and Y axes were glued to the force plate. The study procedure was explained to the participants. At first, the subjects were asked to perform 15 minutes of warm-up on a cycle ergometer at low intensity. Then, they stood on force plate for 30 seconds according to precise X and Y axes, barefoot, and as immobile as possible to measure pre-fatigue control.
The subjects were asked to sit on the edge of the fixed table with a 90° of hip and knee flexion with arms crossed on the chest and perform the isometric MVC of dominant quadriceps muscle. A digital dynamometer was previously placed and fixed on distal portion of the tibia. Three MVCs, with 5-second contraction and 30 seconds of rest between each contraction were recorded by the digital dynamometer. Subjects were guided verbally about their performance.
The peak force (in kg) served as a workload during the fatiguing exercise. After 30 minutes resting, the subjects began the fatiguing exercises in one session and in random order (VOL and ES exercises). After completing each fatiguing exercise, the dynamometer was removed and posttest postural control was performed, at the soonest possible. For quick recovery of neuromuscular system, two hours of rest were considered to obviate the effects of the first fatiguing exercise. The workload of each contraction was kept and controlled at the level of 20% MVC by the digital dynamometer.
Voluntary fatigue protocol
The voluntary isometric contractions with intensity of 20% MVC were performed for 5 s with 2 s rest between each contraction. The workload of contractions was controlled in 20% MVC by the examiner's verbal feedback and the dynamometer. After each 15 or 20 contractions, an MVC test was demonstrated and as soon as strength loss reached 30% of MVC, post-postural control test was performed. The force plate was placed at 3-m distance from the subject.
Induced electrical stimulation fatigue protocol
Four electrodes were placed over 4 parts of the quadriceps muscle. One electrode was placed over the proximal part of quadriceps femoris muscle across the vastus lateralis and rectus femoris muscles and 3 electrodes over the motor point of the vastus medialis, vastus lateralis, and rectus femoris [19] . Electrical stimulation was set in biphasic symmetrical rectangular wave (continuous pulse 350 µs, frequency 80 Hz, hold 5 s, rest 2 s). The intensity of stimulation was continuously adjusted to reach the level of 20% MVC and was controlled by the dynamometer. After each 15 or 20 contractions, an MVC test was performed and as soon as strength loss reached the level of 30% MVC, post-postural control test was executed.
Measurements
Postural control parameters included sway area and mean velocity recorded by force plate. Signals from the force plate were sampled at 100 Hz, and amplified and converted from analog to digital form through an A/D converter. In all stages of postural control recordings, subject's eyes were closed with an eye cover to prevent vision from contributing to the regulation of postural control behaviours.
Statistical analysis
The body sway was computed through the Center of foot Pressure (COP) displacements. The parameters and dependent variations analyzed included the mean total sway area (mm 2 ), mean sway velocity (mm/s), anteroposterior (mm) and mediolateral (mm) displacements. The data were analyzed using SPSS. One-sample Kolmogorov-Smirnov test was used to assess the normal distribution of the numeric variables. COP displacement parameters (mean total sway area, mean sway velocity, anteroposterior, and mediolateral displacements) were analyzed using repeated measures ANOVA. Results were considered significant at P<0.05. Newman-Keuls post hoc test used to determine the mean score differences.
Results
Multiple comparisons of dependent variations of postural control are presented in Tables 1, 2 , 3, and 4. Both VOL and ES exercises had significant effects on the mean sway area, mean velocity, anteroposterior and mediolateral displacements (P<0.05). There was a significant difference between VOL and ES fatigue on postural control (P<0.05) ( Tables 1, 2 , 3, and 4). The VOL fatigue disturbed postural control more significantly than ES fatigue.
Discussion
This study investigated the effects of dominant quadriceps muscle voluntary and induced electrical stimulation fatigue on postural control. Ipsilateral unipedal postural control was disturbed after both VOL and ES fatigue exercises. Evidence of ipsilateral quadriceps muscle fatigue was supported by the increased body sway area, velocity, X and Y displacements of the COP and by the 30% post MVC loss [15, 21] . This study is the first description of equal VOL and ES fatigue on unipedal postural control. Previous studies indicate that VOL and ES fatigue disturb postural control in unipedal standing [7, 10, 15, 16, 19, 20, 22, 23] .
The present results are more appealing because the MVC loss level was equal in both fatiguing exercises and can properly compare the effects of the 2 fatiguing exercises on postural control. Because the amount of MVC loss in both VOL and ES fatiguing contractions was equal, and postural control was differently affected, it can be assumed that muscle strength loss is not the only determining parameter in postural control disturbance. Accordingly, it can be concluded that the disturbance of the unipedal postural control after unilateral quadriceps muscle fatigue is especially related to the sensory input impairment.
Dicken and Doan (2008) reported that loss of muscle strength (30% of MVC) in knee muscles would lead to postural control disturbance [21] . A review by Paillard (2012) reported that 30% MVC or strength loss would impair postural control [15] . They also reported a relationship between the level of MVC loss and the velocity of the displacement of the Center of foot Pressure (CoP). About 30% MVC loss in quadriceps muscle leads to postural control impairments [15] . Our study also confirmed that about 30% MVC loss in both VOL and ES fatiguing exercises disturbs postural control. Pline et al. reported that 40% MVC loss increase mean velocity, whereas mean velocity remains the same with 27% MVC loss [11] .
Muscle fatigue by changes in limb central mapping representation [24] , decreases muscle force generation capabilities [25] [26] [27] and proprioceptive deficit [28, 29] disturbs postural control. The present study indicates that VOL fatigue leads to greater postural control impairment than ES fatigue. The ES fatigue acidifies the cellular cytoplasm and reduces the intracellular pH more than VOL fatigue [30, 31] . With regard to the nature of muscle contraction, VOL contraction as a voluntary activation of muscle, is generated by central drive while the ES contraction as an artificial activation of muscle, is not generated by central drive [16] .
Prolonged repetitive low-intensity contractions influence corticospinal output and declined output can lead to synaptic dysfunction [18, [32] [33] [34] . This phenomenon can affect the descending drives necessary for activation of motor neurons and influence movement control in the VOL fatigue [34] . In addition, according to the size recruitment principle in voluntary and electrical induced contractions [35] , VOL contractions initially activate the small motor units located deep inside the muscle [30] , while ES contractions first activate large motor units located on the quadriceps muscle surface [36] . VOL contractions induce more severe fatigue in the small fibres, which are mainly active in postural control, whereas ES contractions induces more severe fatigue in large fibres, with no specific role in postural control. The slow-twitch fibres (small fibres) control the standing posture especially in unipedal standing [37] . Therefore, VOL fatigue disturbs postural control more than ES fatigue. Moreover, we observed that in an equal MVC loss, reaching 30% of MVC loss takes longer time in VOL than ES fatigue. Prolonged VOL fatigue also leads to deficits in corticospinal output, and change in synaptic function [17, 18] that affect the movement control [17, 34] and has great effect on postural control than ES fatigue.
The present study also revealed that COP displacement in the anteroposterior direction Y, especially in the VOL fatigue is more than mediolateral direction X. This find- ing indicates the specific role of quadriceps muscle function in knee joint stability at sagittal plane [9] more than frontal plane. These findings might also support studies that reported postural control impairment in quadriceps muscle [38, 39] .
Both VOL and ES exercises induce fatigue in ipsilateral unipedal standing which disturb postural control. In addition, VOL fatigue disturbs postural control more than ES fatigue. The disturbance of postural control after quadriceps fatigue is mostly related to the nature of muscle contraction (voluntary vs. non-voluntary) than the magnitude of the strength loss. Future studies are recommended to investigate the effects of these fatiguing exercises on postural control in more than 30% level of fatigue (for example in 50%).
These results may warn us of potential negative effects of voluntary or stimulated quadriceps muscle exercises in one session on postural control, especially in rehabilitation context. The current research also emphasizes the risk of falling after decreased muscle strength and loss of balance. It is important that clinicians do not use VOL and ES contractions to the extent that leads to fatigue.
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